Results Ben had a plasma t½ <5 min and produced at least 12 products. the metabolite half-lives were <136 min. Disulfiram increased Ben plasma exposure 368-fold (aUC 0-inf from 0.11 to 40.5 mg/l min), while plasma levels of Ba remained similar. Urinary Ben excretion increased (1.0-1.5 % of dose), while Ba excretion was unchanged. Hematocrit, white blood cell counts, and percentage lymphocytes decreased after Ben administration. Coadministration of disulfiram appeared to enhance these effects. Profound liver pathology was observed in mice treated with disulfiram and Ben. Conclusions Ben plasma concentrations increased after administration of disulfiram, suggesting that alDH mediates the rapid metabolism of Ben in vivo, which may explain the increased toxicity seen with Ben after administration of disulfiram. Our results suggest that the coadministration of Ben with drugs that inhibit alDH to patients that are alDH deficient may cause liver damage.
Introduction
approximately 13,000 people die from metastatic renal cell carcinoma (mrCC) in the USa every year [1, 2] . Only a small minority of patients achieve durable complete remission with high-dose interleukin-2 cytokine therapy [3] . recently developed agents targeting the vascular endothelial growth factor or the mtOr pathway have shown clinical activity [3] [4] [5] . However, responses to these novel agents are generally not durable [6] , and there remains a need for new treatments for mrCC.
Benzaldehyde dimethane sulfonate (dimethane sulfonate, Ben, DMS612, nSC281612) has structural similarities to busulfan, melphalan, and chlorambucil (Fig. S. 1) and is presumed to be a bifunctional alkylating agent. COMPare analysis suggested that the mechanism of action of Ben overlapped with that of chlorambucil [7] . However, unlike conventional bifunctional alkylating agents, Ben demonstrated specific activity against renal carcinoma cells in the nCI 60 cell line screen [7] . In vitro, Ben treatment resulted in S and g 2 /M cell cycle arrest [7] . Ben has demonstrated antitumor activity in mice with orthotopic renal cell carcinoma xenografts. Specifically, Ben showed significant activity against human 786-0 and aCHn renal cell tumors when administered to mice every 4 days for five cycles [8] . Ben treatment of mice bearing orthotopically implanted, human rXF-393 renal carcinoma cell xenografts resulted in >70 % cure rate, whereas busulfan showed no activity [8, 9] . In addition, treatment with Ben slowed the growth of a498 human renal cell cancer xenografts [8] . It was hypothesized that Ben's activity against renal carcinoma cells may be due in part to the hydrophobic moiety in the molecule which allows Ben to pass through the cell membrane or due to its sequence specificity for Dna alkylation [7] . the fact that Ben has displayed significant in vitro and in vivo activity against renal carcinoma cells and tumor xenografts has led to the evaluation of Ben in an ongoing nCI-sponsored phase I clinical trial (clinicaltrials.gov nCt00923520).
We have shown that in plasma, Ben is chemically converted into six different Ben analogs. Further, our previous studies suggest that Ben is rapidly metabolized into its benzoic acid analog (Ba) by red blood cells, presumably through aldehyde dehydrogenase (alDH) activity [10] . Preliminary studies in mice suggest that Ben is metabolized into at least 12 different Ba products [10] (Fig. 1) and has a very short plasma half-life.
aldehyde dehydrogenases are naD(P) + -dependent enzymes that metabolize both aromatic and aliphatic aldehydes into carboxylic acids [11] . Disulfiram (trade name antabuse) is an inhibitor of alDH and is prescribed to treat chronic alcoholism.
We showed that Ba reacts faster with nucleophiles than Ben and may therefore be an important effector of Dna alkylation [10] . the conversion of Ben to Ba by rBCs is likely an activation step. However, the short half-life of Ba may limit the ability of Ba generated in rBCs to reach and alkylate tumor Dna. therefore, a more prolonged and slower generation of Ba from Ben, partly in tissues as opposed to primarily in rBCs, might increase the effects of Ben. the purpose of this study was to determine the pharmacokinetics and metabolism of Ben after iv administration in mice and to test our hypothesis that inhibition of alDH with disulfiram increases the exposure to Ben and thereby increases its effects in mice. 2 ) were generated as previously described [10] .
Materials and methods

Chemical
tetraethylthiuram disulfide (disulfiram) and gum arabic were acquired from Sigma Chemical Co. (St. louis, MO). PBS and saline were purchased from Fisher Scientific Co. (Fair lawn, nJ). Hydroxypropyl-β-cyclodextran was obtained from the national Cancer Institute (nCI) Chemotherapeutics repository (Bethesda, MD). all solvents used for lC-MS/MS were of high purity (Burdick & Jackson) and purchased from Fisher Scientific Co. Formic acid was purchased from Sigma Chemical Co. nitrogen gas for the mass spectrometer was purified with a Parker Balston nitrogen generator (Haverhill, Ma), and nitrogen gas for sample evaporation was purchased from Valley national gases, Inc. (Pittsburgh, Pa).
animals Specific-pathogen-free, adult CD 2 F 1 female mice were purchased from Charles river laboratory (Wilmington, Ma).
Mice were allowed to acclimate to the University of Pittsburgh Cancer Institute animal Facility for ≥1 week before being used for study. Mice were maintained in microisolator cages in a separate room and handled in accordance with the guide for the Care and Use of laboratory animals (national research Council 1996) and on a protocol approved by the Institutional animal Care and Use Committee of the University of Pittsburgh. Ventilation and airflow were set to 12 changes per h. room temperatures were regulated at 22 ± 1 °C, and the rooms were kept on automatic 12-h light/dark cycles. Mice received Prolab ISOPrO rMH 3000 Irradiated lab Diet (PMI nutrition International, St. louis, MO) and water ad libitum, except on the evening before dosing, when all food was removed. Mice were 6-8 weeks old and weighed approximately 20 g at the time of dosing. Sentinel animals were maintained in the room housing study mice and assayed at 3-month intervals for specific murine pathogens by mouse antibody profile testing (Charles river, Boston, Ma). Sentinel animals remained free of specific pathogens, indicating that the study mice were pathogen free.
Pharmacokinetic study design
Mice were dosed iv with 20 mg/kg Ben alone or 24 h after ip administration of 300 mg/kg disulfiram, as described before [12] . Ben was formulated in a 20 % solution of hydroxypropyl-β-cyclodextran (HPβCD) in water, and disulfiram was formulated as a suspension in 5 % (w/v) gum arabic in PBS at a concentration of 30 mg/ml. after administration of Ben, mice (three per time point) were euthanized with CO 2 at multiple time points between 5 and 1,440 min. Control animals received vehicle alone (0.01 ml/g fasted body weight) and were euthanized at 5 and 1,440 min after dosing. Blood was collected by cardiac puncture in heparinized syringes and centrifuged for 4 min at 12,000×g at 4 °C to obtain plasma. a 200-μl aliquot of the resulting plasma was pipetted into a microcentrifuge tube containing 10 μl of 2 M H 2 SO 4 and briefly vortexed to ensure stabilization of the analytes of interest. Plasma samples were stored at −70 °C until analysis. BA-(OH) 2 
Urinary excretion
Mice scheduled for euthanasia at 24 h after dosing were kept in metabolic cages. Urine was collected into tubes containing 2 M H 2 SO 4 estimated to yield 5 % acid by volume. at the end of the collection period, cages were washed with 15 ml of sterile water, and 2 M H 2 SO 4 was added to all tubes in a ratio of 5 parts acid to 95 parts urine. Quantitation of analytes in urine and cage wash was accomplished by diluting an aliquot of each sample (between 10-and 100-fold) with control plasma followed by quantitation relative to a plasma standard curve.
Bioanalysis
Ben, Ben-Cl 2 , Ba, Ba-Cl 2 , Ben-(OH) 2 , and Ba-(OH) 2 were quantitated by lC-MS/MS as previously described [10] . For intermediate metabolites (Ben-OH, Ben-Cl, Ben-Cl-OH, Ba-OH, Ba-Cl, and Ba-Cl-OH), and glucuronide conjugates, for which there were no reference standards available, the resulting analyte peak area was divided by the internal standard and the resulting ratio was converted to Ben equivalents by back-calculation using the Ben response equation. this assay, developed in human plasma, was modified for mouse plasma. Control murine plasma (lampire, Pipersville, Pa) resulted in linear, accurate, and precise calibration curves for all analytes. However, when control lampire plasma was used to quantitate quality control samples prepared in control study mouse plasma, the accuracy was inadequate. Further inspection of the data showed that this was due to a plasma-source-specific internal standard response and that the assay displayed adequate performance when peak areas were not corrected by internal standard responses, suggesting a difference in matrix effect between commercially available control lampire plasma and plasma obtained from our study mice. Consequently, all unknown plasma samples were assayed relative to a calibration curve prepared in control plasma obtained from untreated study mice to assure generation of accurate data. Sample dilution to within the linear range was also performed with control plasma from study mice.
Pharmacokinetic analysis the maximum plasma concentration (C max ) and the time to reach C max (T max ) were determined by visual inspection of the plasma concentration versus time data. Other pharmacokinetic parameters were calculated noncompartmentally using PK Solutions 2.0 (Summit research Services, Montrose, CO http://www.summitPK.com). the area under the plasma concentration versus time curve (aUC) of all analytes was calculated with the linear trapezoidal rule. renal clearance was calculated by dividing the absolute amount of analyte excreted in urine by the plasma aUC 0-t of the respective analyte.
Data analysis
Statistical analysis of aUC 0-t values consisted of the ratio of Ben alone to Ben with disulfiram pretreatment aUC with the associated standard error (Se). after log-transformation, these ratios were subjected to a two-sided Student's t test, under the null hypothesis of log (aUC ratio) = 0. a value of p < 0.05 was considered statistically significant, as described previously [13] . this approach is similar to that described by Bailer [14] . However, instead of using a z test, we applied a more conservative t test with two degrees of freedom (N = 3 samples per time point).
Pathology study , N = 1) and untreated controls (N = 3) were followed for 30 days. Mice were euthanized with CO 2 and bled by cardiac puncture 1 month after treatment. Complete gross necropsies were performed, livers were removed and weighed, and a portion of the medial lobe of each liver was placed in 10 % phosphatebuffered formalin, fixed, paraffin embedded, cut into 5-μm sections, processed, and stained with hematoxylin and eosin.
Blood counts
Mice were treated as described in "Pathology study" section. Blood was collected once daily by orbital sinus bleed or by tail vein bleed from the mice treated with vehicle (N = 1), Ben 15 mg/kg (N = 1), Ben 20 mg/kg (N = 1), Ben 15 mg/kg + disulfiram (N = 2), and Ben 20 mg/ kg + disulfiram (N = 2) for at least 14 days using a potassium eDta-coated microhematocrit tube and run on an Scil Vet abc Veterinary Hematology analyzer (Scil animal Care Company, gurnee, Il, 60031) to count platelets, white blood cells, and lymphocytes. Hematocrit as percentage was determined with a microhematocrit centrifuge by measuring the packed red cell height, dividing by the total height, and multiplying by 100.
Results
this study was conducted to determine whether Ben is metabolized to Ba by aldehyde dehydrogenase (alDH) and whether Ben exposure could be increased by inhibiting alDH with disulfiram in blood and tissues, thereby shifting Ba production from blood to tissues. In order to measure the analytes generated when Ben is administered to mice, we developed an lC-MS/MS assay. the assay for Ben and Ba and analytes with known standards had a lower limit of detection of 1 ng/ml for all analytes and was accurate and precise from 10 to 1,000 ng/ml (table S. 1), and the correlation coefficient (R 2 ) was >0.97 for all analytes.
there were 12 different metabolites detected in both the mice to which Ben had been administered alone and those to which Ben had been administered after disulfiram pretreatment. the plasma concentration versus time profiles are shown in Figs. 2, 3, and Fig. S. 2 . Pharmacokinetic parameters associated with these profiles are displayed in table 1 and table S. 2. after iv administration of Ben to mice, Ben was rapidly metabolized, resulting in a C max of 16 ng/ml at 5 min (Fig. 2a) (table 1 ). While Ben became undetectable at 15 min after administration, Ba was rapidly generated and had a plasma exposure 2,300-fold greater than that of Ben and an apparent half-life of 55 min (Fig. 2b) (table 1 ). In addition to Ben and Ba, 11 other metabolites, including six glucuronides of Ba, were detected. the half-lives of the metabolites ranged from 19 min (Ba-OH) to 136 min (Ba-Cl 2 ) (Fig. 3) (table 1) . all of the analytes detected in plasma were also detected in the urine of the mice collected between 0-6 and 6-24 h after dosing with Ben (table 1  and table S. 2) .
treatment of mice with disulfiram 24 h prior to Ben dosing increased exposure to Ben 368-fold. Interestingly, Ba exposure was similar in both studies. the half-lives of the metabolites ranged from 28 min (Ba-OH-gluc) to (table 1 and table  S. 2). although the exposure of all of the analytes appeared to increase after pretreatment with disulfiram only, Ben, Ba-(OH) 2 , and Ba-(OH) 2 -gluc were found to be statistically different when comparing the aUC 0-t between Ben administered alone and Ben administered after disulfiram (table 1 and table S. 2). all of the analytes detected in plasma were also detected in the urine. the untreated mice and vehicle-treated mice did not lose body weight. the mice treated with disulfiram, Ben, or the combination lost approximately 12 % body weight by day 4 and regained body weight by day 12.
the hematocrits, white blood cell counts, and percentage lymphocytes decreased following the treatment of mice receiving Ben alone and disulfiram before Ben (table 2) . the hematocrits reached the lowest level at either day 4 or day 6 when dosed with 20 mg/kg Ben or day 6 or 8 when dosed with 15 mg/kg Ben. the white blood cell count was the lowest on day 4 after dosing except for one mouse in which the low point was not seen until day 8. the percentage lymphocyte was lowest on either day 6 or day 8 after dosing. all values returned to normal by day 14 after dosing. Pretreatment with disulfiram before Ben appeared to deepen the percentage lymphocytes nadir compared to treatment with Ben alone.
When mice were euthanized 1 month after single-dose treatment with either disulfiram or Ben alone, mild hepatic lesions were present in the mice. these lesions included mild focal thickening of the connective tissue capsule and mild fibrosis within few of the portal areas. Hepatic pathology of mice treated with the disulfiram and Ben combination (at both 15 and 20 mg/kg Ben) was profound and included a regional loss of overall hepatic vascular architecture with prominent swelling and clearing of hepatocyte cytoplasm, likely associated with areas of regenerative hyperplasia (Fig. 4) . the capsule was diffusely thickened by increased connective tissue, and scattered lymphoplasmacytic infiltrates were observed. Multiple chronic adhesions existed between the thickened hepatic capsule and the omentum. Portal areas were severely expanded by increased fibrous connective tissue, hyperplastic bile ducts, and lymphoplasmacytic infiltrates. Mild to moderate fibrosis also existed in centrilobular areas. early bridging fibrosis spanned between portal areas and from portal to centrilobular areas (Fig. 4) .
Discussion
the present investigation was designed to characterize the pharmacokinetics and metabolism of Ben in mice, and to assess the effect of alDH inhibition with disulfiram on Ben pharmacokinetics, metabolism, and pharmacodynamics in mice. Previous results suggested that Ben is metabolized in vivo and in vitro in blood into Ba, presumably by the action of alDH. We have demonstrated that Ba reacts faster with nucleophiles than Ben and may therefore be an important effector of Dna alkylation [10] . the conversion of Ben to Ba by red blood cells (rBCs) is likely an activation step. However, the short in vitro half-life of Ba (5 min) [10] may limit the ability of Ba to reach and alkylate tumor Dna. therefore, a more prolonged and slower generation of Ba from Ben, partly in tissues as opposed to primarily in rBCs, might increase the effects of Ben administration. Disulfiram has been used previously in a mouse study for the purpose of inhibiting alDH [12] . the authors of that study found that a single 300 mg/kg dose of disulfiram administered ip caused the greatest inhibition of both rBC and liver alDH activity at 24 h postdose in which the reductions in alDH activity in rBC and liver were 81 and 27 % compared to controls. thus, we used the same dose of disulfiram 24 h prior to the dosing of Ben to ensure the greatest inhibition of alDH in study mice. after iv Ben administration to mice, the exposure to Ben was low and there were at least 12 metabolites generated, including six Ba glucuronides. In contrast, the exposure to Ba was relatively high, and the half-life of Ba was 55 min. the plasma half-life of Ba in mice was much longer than the in vitro half-life of Ba (5 min) [10] . the possibilities for the longer in vivo half-life of Ba may be due to either Ba being less reactive in vivo or more Table 1 noncompartmental plasma pharmacokinetic parameters of Ben and metabolites generated from the mouse PK experiments ND not determined, the parameter could not be defined * In order to calculate statistical significance, aUC 0−t values were compared at the same end time point in each study. the values followed by * were found to be statistically significant (p < 0.05) a analytes were detected and calculated as Ben equivalent concentrations b experiment in which disulfiram was administered to the mice before Ben (6) likely that there is continued production of Ba from Ben in tissues which reappeares in plasma. Pretreatment with disulfiram increased Ben exposure 368-fold, suggesting that alDH may be an enzyme responsible for metabolizing Ben into Ba. Disulfiram is a nonspecific inhibitor of multiple isoforms of alDH and CYP P4502e1 [15] [16] [17] [18] [19] . However, while disulfiram did increase Ben exposure, Ba was still the predominant species and its exposure was not decreased by disulfiram. this could be due to a number of factors. First, while disulfiram has been shown to be an effective inhibitor of alDH in rBCs, disulfiram was less effective in inhibiting alDH in the liver [12] . this difference in inhibition is explained by the fact that rBCs are not able to synthesize de novo alDH, while the liver may synthesize alDH in 24 h between the disulfiram and the Ben administration. Further, there are at least 19 different known isoforms of alDH [11] . It is possible that in tissues Ben is metabolized to Ba, in part, by an isoform of alDH that is not inhibited by disulfiram. For instance, alDH1B1 is insensitive to inhibition by disulfiram [20] . the six metabolites and their respective glucuronide conjugates that were observed after Ben administration were also observed when Ben was administered after disulfiram pretreatment. the plasma exposures of the glucuronides appeared to be higher after pretreatment with disulfiram, although the variability was too high to reach statistical significance (table S. 2). this suggests that the inhibition of rBC alDH increases Ben plasma exposure 368-fold, driving greater Ben distribution into tissues where it is metabolized to Ba. Ba is then metabolized to downstream metabolites. In contrast, in the mice that were not pretreated with disulfiram, it is likely that the conversion of Ben to Ba takes place in the rBCs to a greater extent. In this case, Ba degrades to Ba metabolites in the blood, and these compounds are less likely to enter tissues.
Most of the observed metabolites are likely relevant to Ben efficacy and/or toxicity because they still possess alkylating side arms (Parise et al. [10] ). Bifunctional alkylating agents have two side arms consisting of either an ethyl-methane sulfonate or ethyl-chloride that are active [21] . Monofunctional alkylators are much less potent than their bifunctional counterparts [22] . Of the nonglucuronide metabolites observed, Ba-Cl 2 is bifunctional, and three other metabolites are monofunctional.
In addition, we observed six Ba glucuronide metabolites; two of the glucuronides are bifunctional and three are monofunctional. It is unclear which glucuronyltransferases are responsible for the conjugation of these Ba analogs, and this could have an impact on Ben safety and efficacy. all of the metabolites that were detected in the plasma were also detected in the urine. the percentage of the dose of Ben excreted unchanged in the urine was increased 50 % after disulfiram pretreatment. Biliary or urinary excretion could lead to high local concentrations of cytotoxics and result in toxicities. Known examples include ifosfamide and acrolein [23] , and irinotecan and Sn38 (glucuronide) [24] .
toxicities associated with Ben treatment appear to be similar to those observed after treatment with other alkylating agents. after treatment with either busulfan or chlorambucil, bone marrow toxicity is observed, and the nadir occurs sometime between day 4 and day 6 after a single treatment with these agents. the percentage decrease in all three measurements (hematocrit, WBC count, and percentage lymphocytes) was greater after pretreatment with disulfiram as compared to Ben alone. again, this could be due to the inhibition of alDH in blood by disulfiram, allowing a greater concentration of Ben to reach the tissues, such as the bone marrow.
although the pharmacokinetic study was conducted solely to determine the effect disulfiram has on the pharmacokinetic parameters of Ben, it was noted upon necropsy of the mice that the livers were abnormal. Further evaluation suggested that treating the mice with either disulfiram or Ben alone caused mild hepatic lesions, while mice that received the combination of disulfiram and Ben had severe and marked changes in the liver, as assessed 30 days after treatment. the cause of greater liver damage upon pretreatment with disulfiram may be due to the inhibition of blood alDH, leading to an increase in Ben, and cellular metabolism of Ben to Ba in the liver. this finding could have implications for the dosing of Ben in subjects: (1) on antabuse (disulfiram) therapy; (2) using other aldehyde dehydrogenase inhibitors, such as metronidazole [25] ; or (3) with aldehyde dehydrogenase deficiencies.
In conclusion, Ben is rapidly metabolized to Ba partly by an alDH. Ba is then converted into at least 11 metabolites, of which six are glucuronides and most of which are expected to have alkylating activity. Inhibition of alDH with a single ip dose of disulfiram before the administration of Ben slowed the metabolic degradation of Ben; however, Ba was still the major plasma metabolite. the blood chemistry data and liver pathology suggest that pretreatment with disulfiram and inhibition of alDH in rBCs may cause more Ben to enter tissues. More local metabolism of Ben to Ba, a more reactive compound, leads to more tissue-localized damage. this could be relevant to patients who are on antabuse therapy, have polymorphic alDH1a1, or are on a drug that inhibits alDH as these conditions could result in severe liver damage and/or exacerbation of Ben toxicities.
